ABSTRACT: Understanding the interaction of carbon nanomaterials with proteins is essential for determining the potential effects of these materials on health and in the design of biotechnology based on them. Here we leverage explicit-solvent molecular simulation and multidimensional freeenergy calculations to investigate how adsorption to carbon nanomaterial surfaces affects the conformational equilibrium of alanine dipeptide, a widely used model of protein backbone structure. We find that the two most favorable structures of alanine dipeptide on graphene (or large carbon nanotubes) correspond to the two amide linkages lying in the same plane, flat against the surface, rather than the nonplanar α-helix-like and β-sheet-like conformations that predominate in aqueous solution. On graphenic surfaces, the latter conformations are metastable and most often correspond to amide−π stacking of the N-terminal amide. The calculations highlight the key role of amide−π interactions in determining the conformational equilibrium. Lesser but significant contributions from hydrogen bonding to the high density interfacial water layer or to the hydroxy groups of hydroxylated graphene also define the most favorable conformations. This work should yield insight on the influence of carbon nanotubes, graphene, and their functionalized derivatives on protein structure.
■ INTRODUCTION
In biological environments, proteins bind to the surface of synthetic nanomaterials, forming a layer known as the protein corona that often determines the physiological distribution and biological activity of the materials 1−8 and influences their toxicity 9−11 and immunogenicity. 12− 16 The composition of the corona depends on the nanomaterial's geometry, 17 chemistry, surface modification, 1 exposure time, 10 ,18−21 and biological environment. 17, 22, 23 Thus, an understanding of engineered nanomaterial−protein interaction is essential for the design of nanomedicine and predicting the effects of nanomaterial exposure on humans and other organisms. Although the present work focuses on peptides and proteins, it should be noted that biomolecules other than proteins, such as lipids 23, 24 and sugars, 25 can also be nanomaterial corona components, although their influence on biological activity has not been well studied thus far.
Owing to the large surface-area-to-volume ratio of nanostructures, which enhances the influence of surface interactions, most work on protein coronas has focused on nanomaterials. However, it should be pointed out that the biological importance of the protein corona does not apply only to nanostructures (objects with dimensions <100 nm) but also can have similar effects on the response of organisms to macroscopic objects, such as implants. 26−28 Furthermore, studies of protein adsorption to nanoparticles can be directly compared to studies employing macroscopic surfaces of the same material in cases where the local environment of protein is similar, i.e., when the dimensions of the nanoparticles are considerably larger than the protein and the surface morphology of the nanoparticles and macroscopic surface are similar on the length scale of the protein. The present work focuses on multilayer graphenic surfaces, which serve equally as models of graphene sheets, graphene nanoplatelets larger than the adsorbates considered, and well dispersed carbon nanotubes of diameters greater than a few nanometers. 29, 30 Much remains unknown about the structure of the protein corona, the conformational equilibria of the proteins that make it up, and how these things depend on the physicochemical properties of the surface. In particular, adsorption to synthetic surfaces can lead to partial unfolding of proteins, 31, 32 affecting their function 33−36 and potentially leading to inflammation. 26, 37 Therefore, experimental and computational methodologies have been applied to probe protein structural changes upon adsorption to synthetic materials, including those that form the basis of common engineered nanomaterials. For example, Burkett and Read 38 used circular dichroism spectroscopy and nuclear magnetic resonance to measure the loss of α-helical structure upon adsorption of peptides adsorbed to a silica surface, while Asuri et al. 39 used similar techniques to study structural changes in protein enzymes covalently attached to carbon nanotubes. Fourier transform infrared spectroscopy (FTIR) has been used to reveal conformational changes in protein antigens adsorbed to aluminum-based vaccine adjuvants. 40, 41 The stability of protein structure is determined by physicochemistry of the surface of engineered materials. For instance, gold nanoparticles functionalized by negatively charged sulfate containing moieties caused cytochrome c to lose its α-helical structure, while similar nanoparticles functionalized by PEG did not lead to significant conformational changes. 32 Furthermore, for a given surface, different proteins may also behave differently. For instance, infrared spectroscopy and atomic force microscopy, corroborated by activity assays, revealed that α-chymotrypsin completely denatures on the surface of carbon nanotubes, abolishing its enzymatic activity, while the structure of soybean peroxidase is only moderately perturbed on this surface and 30% of its native activity is retained. 33 Changes to enzyme function upon adsorption have also been studied by DeLong and co-workers, 35 showing that activities of luciferase and β-galactosidase are decreased by adsorption to ZnO, Co 3 O 4 , and MgO nanoparticles but increased in the presence of NiO nanoparticles.
Because of the high spatial and temporal resolution of atomistic molecular dynamics simulation, it has increasingly been leveraged for exploring interactions between biological molecules and synthetic surfaces, beginning with pioneering simulations by Klaus Schulten and co-workers on the interaction between gold and gold-binding peptides. 42 Peptides found experimentally to specifically bind to particular materials, 43, 44 including gold, silver, titanium, and graphene, have been the subject of many of these simulations, 42,45−49 with the goal of understanding the mechanisms of their specificity. Peptides such as these, as well as some proteins, are used to modify growth of nanomaterials during their synthesis to control the morphology of the resulting nanostructure. 50−53 Poblete et al. 54 calculated the adsorption free energy on silver surfaces of 5-mer peptides used to facilitate the fabrication of silver nanoparticles and found a ranking of affinities for different sequences in agreement with experiment.
The study of complete proteins is made difficult by the computational expense of the large systems required to accommodate these proteins and the long time scales required for observing large conformational changes. Recently, Derr et al. 55 simulated the adsorption of the digestive enzyme chymotrypsin to SiO 2 and TiO 2 nanoparticles using implicit solvent, showing similar adsorption free energies between the two materials but different protein surface densities at saturation. Brancolini et al. 56 used a mix of docking and explicit-solvent simulation to determine the preferred orientation of ubiquitin on a gold surface and the contribution of specific amino acids. In the presence of a hydrodynamic flow, Carr et al. 57 determined favorable interactions between a toxin protein and amorphous silica. However, the time required for such large proteins to fold and unfold is much greater than the time accessed by these simulations, making it unknown whether the adsorbed proteins were able to reach conformational equilibrium by the end of simulations. On the other hand, for peptides with well-defined secondary structure, and possibly fast-folding proteins, 58−60 it should be possible to explore conformational equilibria, especially when enhanced sampling techniques are employed. 61−64 Indeed, recent computational work by Meißner et al. 65 used enhanced sampling (Hamiltonian replica exchange) to predict circular dichroism spectra for a peptide adsorbed to a model of a silica nanoparticle surface, revealing loss of α-helical structure upon adsorption.
In the present work, we focus on graphenic materials and their oxidized derivatives, due to their growing use in research, 66−69 industry, medicine, and commercial products, 70−72 as well as the fact that computational models of these materials are well validated. 30 Here, due to their similar physicochemical properties at the nanoscale, we consider single-layer and multilayer graphene and carbon nanotubes, as well as their hydroxylated derivatives, under the umbrella of graphenic materials. Like other nanomaterials, it has been shown that the formation of a protein corona on graphenic materials determines their cellular uptake, physiological distribution, route of excretion, and toxicology; 7,73−75 hence, understanding protein interaction with these materials is essential for their safe use in industry and the design of nanomedicine. Molecular simulation is particularly apt for study of these materials, as we have recently shown that the CHARMM molecular dynamics force field 76 coupled with enhanced sampling methods can yield excellent predictions (correlation coefficient r ≥ 0.9) of relative adsorption affinities of small aromatic compounds with a variety of functional groups on naked and hydroxylated carbon nanotubes. 30 Although recent work by Hughes et al. 48, 77 has made significant progress in understanding the contribution of different amino acid side chains to peptide binding on graphenic materials, the role of the peptide backbone and the effect of adsorption on the backbone conformational equilibrium has remained unexplored. Here, we seek to leverage molecular dynamics and enhanced sampling by the adaptive biasing force method to elucidate the atomic-scale interactions that underlie peptide backbone interaction with graphenic materials. Furthermore, we determine the influence of hydroxy groups on the affinity of the peptide backbone for the surface and backbone conformation. To study these interactions at the most basic level, we consider as a model peptide the α-amino acid L-alanine, capped by an acetyl moiety at its N-terminus and a methyl amide at its C-terminus, also known as alanine dipeptide or Ac-Ala-NHMe. This molecule is to protein structure as the hydrogen atom is to atomic structure, being the smallest molecule that possesses structure similar to the backbone of proteins, excluding glycine, proline, and adjacent residues. Ac-Ala-NHMe has a long history of use in understanding backbone conformational preferences, 78−82 although protein backbone dynamics are not well represented by this model molecule. 83 The Ramachandran plot 84 for AcAla-NHMe, showing the joint preferences for ϕ and ψ dihedral angles, reveals favorable regions corresponding to the backbone structures like those in α-helices and β-sheets. Here we study the effect of naked and hydroxylated graphenic carbon on the Ramachandran free-energy landscape (the potential of mean force as a function of ϕ and ψ torsional angles), quantifying the influence of the distance from the graphenic surface and any covalently bound hydroxy moieties. acetyl group (Ac) and the C-terminus with an NHMe group, using standard patches in the CHARMM36 force field. 85, 86 The CHARMM36 parameters include tables of potential values for ϕ and ψ dihedral crossterms (CMAP) that produce a more realistic free-energy landscape on (ϕ, ψ). 87 The resulting single molecule of Ac-Ala-NHMe was immersed in a cubic box of 445 standard TIP3P water molecules. Figure 1A shows the final system with 1357 atoms, contained in a periodic box of 25 × 25 × 25 Å 3 . Additionally, to explore the role of the chemical nature of the backbone on its interaction with the graphene surface, we also simulated butanone, methyl acetate, and N-methylacetamide. These molecules were extracted for the MolView database 88 and parametrized using the ParamChem web interface (CHARMM General Force Field version 3.0.1). 89, 90 To evaluate the free energy of adsorption of Ac-Ala-NHMe to graphenic surfaces, we used two models of naked multilayer graphenic carbon. The graphenic surface was represented using the standard benzene-like aromatic carbon type (CG2R61) of the CHARMM general force field. We considered using the GRAPPA force field described by Hughes et al.; 77 however, as shown in Figure S1 in the Supporting Information, GRAPPA did not perform as well as the standard parameters when compared to experimental adsorption data for small aromatics on large-diameter carbon nanotubes. 30 The parameters for the hydroxylated surfaces were based on a CHARMM general force field model of tert-butanol as detailed in Comer et al. 30 A full set of files for reproducing a free-energy calculation, including these parameters, is included in the Supporting Information. Figure 1B shows the first surface, previously published by Comer et al., 30 which is composed of four layers of graphene in a graphite arrangement, in which each layer was a supercell of the graphene lattice, in the form of a regular hexagon. After equilibration using the barostat (Langevin piston) parameters described further below, the hexagonal side length averaged about 16.95 Å, which is equivalent to a parallelogram unit cell with basis vectors ⟨a, 0, 0⟩ and ⟨a/2, a(3) 1/2 /2, 0⟩, for a = 29.35 Å. The layers were periodically continued throughout in the xy plane, forming an effectively infinite flat surface. 30 Figure  1B shows the final simulation system after solvated with 758 water molecules of the standard TIP3P water model of CHARMM, reaching a total of 3448 atoms. To increase the computational efficiency of some simulations (such as those to obtain three-dimensional potentials of mean force, described below), a second smaller system was created. The model shown in Figure S2A of the Supporting Information was built using two layers of graphene in a rectangle of 19.6 Å × 21.2 Å. Figure  S2A shows the final rectangular system after being solvated with 292 TIP3P water molecules, giving a total of 1218 atoms. Figure S2B shows that the 3448-and 1218-atom systems yield statistically indistinguishable results for a calculation of the free energy as a function of the distance between the first layer graphene and Ac-Ala-NHMe. Additionally, we used two hydroxylated graphene surfaces described in Comer et al. 30 Figure 4B,D shows the different arrangements of hydroxy groups on the hexagonal multilayer graphene model described above. The model in Figure 4B contains 9 uniformly distributed hydroxy groups (graph−OH (1)), while the model shown in Figure 4D possesses 18 uniformly spaced hydroxy groups (graph−OH (2)). 30 Two additional surface models were created by covalently conjugating a single hydroxy group or pair of hydroxy groups to the small rectangular graphene system, illustrated in Figure 6 . Manipulation of the molecular systems, as well as visualization, analysis, and rendering, was accomplished using VMD 1.9.2 91 and the associated plugin TopoTools. 92 Molecular Dynamics Simulation. All simulations were executed in the molecular dynamics software NAMD 2.11 93 applying the all-atom CHARMM36 force field. 85, 86 Using the Langevin thermostat and Langevin piston 94 method, we maintained the temperature and pressure at 300 K and 101.325 kPa (1.0 atm), respectively. The Langevin piston algorithm was free to equilibrate the size of the hexagonal system along the z axis and in the xy plane independently (while maintaining a regular hexagon in the xy plane). The size of the rectangular system was equlibrated along each of the three axes independently. For convenience, the atoms of the layers of graphene not making contact with Ac-Ala-NHMe were restrained to their initial positions along the z-axis by harmonic restraints with force constants of κ = 1 kcal mol
No restraints were applied to the graphene layer making contact with Ac-Ala-NHMe, nor were restraints with nonzero components in the xy plane applied, allowing lateral relaxation of the graphene under the Langevin piston parameters described above. A smooth 8−9 Å cutoff of van der Waals forces was employed (see the Supporting Information of Comer et al. 30 for justification of this cutoff scheme). The particle-mesh Ewald algorithm 95 was used to compute the electrostatic interactions with a mesh spacing of <1.2 Å. The lengths of covalent bonds involving hydrogen atoms were constrained 96, 97 to the values prescribed by the CHARMM force field. The masses of nonwater hydrogen atoms were increased by a factor of 3 (to 3.0240 Da) by transferring mass from the heavy atom to which they were attached, allowing us to integrate the equations of motion with a time step of 4 fs with no appreciable loss of accuracy in thermodynamic quantities 98 (see Figure S3 for corroboration). All systems shown in this work underwent 15,000 steps of energy minimization followed by 10 ns of equilibration before beginning at least 400 ns of simulation using free-energy calculation methods, described below. A portion of the simulations made use of Extreme Science and Engineering Discovery Environment (XSEDE) resources. 99 Free Energy in (ϕ, ψ). We used the adaptive biasing force 100−102 (ABF) method to calculate the Ramachandran free-energy landscape, 103 over the two dihedral angles ϕ, ψ of the Ac-Ala-NHMe backbone. The transition coordinates ϕ and ψ were the dihedral torsional angles formed respectively by the N−C α −C−N and C−C α −N−C atoms of Ac-Ala-NHMe. Both transition coordinates were implemented through the Colvars module, 104 exploring the full range of rotation (−180 to 180°) of each dihedral, with a bin width for ABF samples of 5.0°. The two-dimensional (2D) potential of mean force (PMF), w 2D (ϕ, ψ), was calculated for Ac-Ala-NHMe in an aqueous environment (400 ns), on the hexagonal graphenic system (323 ns), and on both hydroxylated graphene surfaces (400 ns each).
Although adsorption of Ac-Ala-NHMe to the graphene surfaces is highly favored, spontaneous desorption of Ac-Ala-NHMe and diffusion into the aqueous medium was sometimes observed. While this was a rare event with little effect on the resulting free energies, a harmonic wall was applied for distances between the center of mass of the peptide and the first graphene layer Z > 10 Å. Convergence of this free-energy calculation is analyzed in Figure S4 of the Supporting Information, which shows steady convergence of the estimated mean force after about 40 ns of simulated time.
Free Energy in Z. To calculate the free energy of adsorption of Ac-Ala-NHMe to the graphenic surface, we defined Z as the distance along the z-axis of the center of mass of Ac-Ala-NHMe from the center of mass of the first layer of graphene and calculated the PMF w 1D (Z). The z-axis is orthogonal to the plane of the graphene. ABF was used to calculate the PMF using a single window on the domain Z ∈ [3, 10] Å, with a bin width of ΔZ = 0.05 Å. The calculations for the hexagonal and rectangular systems (see Figure S2 of the Supporting Information) had durations of 600 and 638 ns, respectively. The error bars in Figure 3F are computed as described in the Supporting Information.
Free Energy in (ϕ, ψ, Z). To obtain a better understanding of the adsorption of Ac-Ala-NHMe to naked graphenic surfaces, we used the ABF method simultaneously on the three transition coordinates ϕ, ψ, and Z previously described (see the Supporting Information for the Colvars 104 configuration file). Because of the large number of bins in the threedimensional (3D) calculation, a coarser grid was used, with bin widths along ϕ, ψ, and Z being 10°, 10°, and 0.15 Å, respectively. The range of the transition coordinates was the same as in previous calculations, using a single window. The total simulation time was 1093 ns. The 1D PMF along Z was derived from this by applying the following equation
where w 3D (ϕ, ψ, Z) is the full 3D PMF and β is the inverse of the thermal energy, e.g., β = 1/k B T. Figure 3E characterizes the similarity between cross sections of w 3D (ϕ, ψ, Z) and the reference Ramachandran free-energy landscape of Ac-AlaNHMe in bulk water. The root-mean-square difference, δF(Z k ), between the cross section at Z k and the reference was calculated according to
To avoid defining a reference potential, we compared the derivatives of the potentials of mean force (equivalent to the negative of the thermodynamic mean force), rather than the potentials themselves. The convergence of this calculation can be inferred from Figure 3E . Free Energy in (ϕ, ψ, d). To determine the effect of the surface hydroxy groups on the conformational free-energy landscape of Ac-Ala-NHMe, we performed further 3D ABF calculations on the transition coordinates ϕ, ψ, and d, the latter being defined as the distance between the center of mass of the OH groups and the center of mass of Ac-Ala-NHMe projected onto the xy plane. As is shown in Figure 6A , the simulations were carried out on two square surfaces composed of four
The . The dihedrals ϕ and ψ were explored in the full range of rotation of −180 to 180°with a bin width of 10.0°; on the other hand, the distance d was evaluated from 0 to 8.5 Å with a bin width of 0.15 Å. The single OH and OH pair systems were equilibrated with the protocol described above, followed by the use of the ABF method for 3932 and 3388 ns, respectively. In the plots, Figure 6C , D, the geometric contribution to the free energy (W geo = −k B T ln(2πd)) was subtracted out, so that the curves would be flat at large distances from the OH groups. The PMFs were anchored so that the global minimum was zero.
Unbiased −158] . Other than the application of these restraints, the simulations were unbiased. These simulations were performed for the hexagonal naked graphene system and hydroxylated system graph− OH(1). The total simulated time for the β and β-planar conformations on naked graphene was 327 and 329 ns, respectively. For the hydroxylated graphene, these were respectively 360 and 362 ns.
■ RESULTS AND DISCUSSION
We first compare the Ramachandran free-energy landscape for Ac-Ala-NHMe in bulk water and on the graphenic surface, identifying considerable differences in the most favorable conformations. We then discuss the role of amide−π interactions and interfacial water in determining the Ac-AlaNHMe conformational ensemble on a graphenic surface. Finally, we consider the influence of hydroxylation of the surface on the conformational thermodynamics of Ac-AlaNHMe.
Ramachandran Landscape in Water and on Naked Graphene. First, we compared the potential of mean force (PMF) as a function of the ϕ and ψ dihedral angles 80 for AcAla-NHMe (alanine dipeptide) in two environments, namely, solvated in water or adsorbed at the graphene−water interface. Images of the simulation systems are shown in Figure 1A ,B. The model of the graphene surface shown in Figure 1B serves an accurate representation of multilayer graphene and multiwall carbon nanotubes of sufficiently large diameters, 29, 30 as well as an approximation of single-layer graphene and large singlewalled nanotubes (the effect of the number of layers on the adsorption free energy of small neutral molecules was shown to be slight in the Supporting Information of Comer et al. 30 ). Figure 1C shows the Ramachandran free-energy landscape of Ac-Ala-NHMe in bulk water using the newest version of the CHARMM force field for proteins, CHARMM36. 86 In agreement with experiment and quantum chemistry calculations, 82 this force field gives a β-sheet-like structure as the global minimum and a somewhat less favorable secondary minimum, corresponding to the right-handed α-helix. In the calculation, the global free-energy minimum appears at (ϕ, ψ) = (−58°, 143°) near the right edge of the region denoted β and is similar to the backbone conformation of the polyproline II helix found in the collagen, while the second most favorable minimum, at (−63°, −38°), coincides precisely with the canonical-α helix. The landscape in Figure 1C has some quantitative differences with those calculations using older force fields; 79, 80, 105 however, our calculation using the previous version of the CHARMM force field CHARMM22/CMAP, 87 shown in Figure S5 of the Supporting Information, quantitatively agrees with a similar calculation by Esque and Cecchini. 106 A comparison of parts C and F of Figure 1 reveals the effect of the graphenic surface on the Ramachandran free-energy landscape. Most strikingly, the global free-energy minimum is displaced from the β-sheet-like region to a more planar structure corresponding to (−158°, −168°). This structure, which is illustrated in Figure 1D , is referred to here as β-planar. Likewise, a new distinct minimum appears at (−173°, −3°), corresponding to a planar version of the α-helix-like structure, here called α-planar and illustrated in Figure 1E . Thus, the β-planar and α-planar structures are dominant on the graphene surface, while the β and α structures retain some prevalence, being associated with minimum free energies <1 kcal/mol from the β-planar global minimum. The minima of the Ramachandran free-energy landscapes in all environments considered in this work are summarized in Table 1 . It might be noted that a structure apparently similar to β-planar was seen by Chipot and Pohorille 80 at a hexane−water interface.
The Role of Amide−π Interaction. Amide−π interactions, typically involving contacts between amides and aromatic moieties, are energetically favorable in the NH face-on geometry, where the NH bond is orthogonal to the plane of the aromatic ring and directed toward its center, as well as in the stacked geometry, where the entire amide lies in a plane parallel to that of the aromatic ring. 107 Our results suggest that 
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Article the favorability of the β-planar and α-planar structures on graphenic carbon emerges from amide−π interactions between the Ac-Ala-NHMe backbone and graphene in the stacked configuration. To better analyze the configuration of Ac-AlaNHMe relative to the graphene surface, we performed simulations of Ac-Ala-NHMe in which the conformations were kept within the β and β-planar free-energy basins (see Methods). Figure 2A shows histograms of the distance between the graphene surface and the nitrogen atom or carbon atom adjacent to the C α atom of Ac-Ala-NHMe for the β and β-planar conformations. The minimum free-energy of the β-planar conformation is clearly associated with both amide groups of Ac-Ala-NHMe making close contact with the graphene surface, as demonstrated by the black and red curves in Figure 2A and exemplified in Figure 2B . On the other hand, the inherent lack of planarity of the β conformation implies that only one of the two amide groups can make contact with a flat graphene surface at any point in time. The propensities of these two amide groups to stack on the surface surface are not equivalent, as demonstrated in Figure 2A . The orange and blue curves in this figure indicate that, in the β conformation, there is a high propensity for the N-terminal amide to lie flat on the surface, while the C-terminal amide has an oblique conformation, illustrated in Figure 2C . Interestingly, in this β conformation, two well-defined peaks appear in the histogram for the C-terminal carbon atom (blue curve). As demonstrated by Figure S6 of the Supporting Information, we find that the higher peak at Z = 4.2 Å corresponds to the NH group of the C-terminal amide adopting the favorable NH face-on geometry 107 with the graphene surface. For the second peak at Z = 5.3 Å, the NH group does not make direct contact with the graphene but instead forms a hydrogen bond with an interfacial water molecule. The latter configuration is visible in Figure 2C .
To better understand why the free energy of the β-planar conformation on graphene is less than that of the β conformation, we attempted to distinguish various contributions to the free energy for the simulations in these two conformations. First, averaging the total potential energy of the simulation systems, we find that the β-planar system has a lower potential energy, ΔU β→βp = −0.92 ± 0.11 kcal/mol, which is mostly due to favorable van der Waals interactions, ΔU β→βp vdW = −2.44 ± 0.09 kcal/mol. This favorable change in the van der Waals energy is opposed by the greater mechanical strain in the β-planar conformation than in the β conformation. The β and β-planar conformations have average potential energies in the force field's bonded terms of 18.34 ± 0.03 and 19.79 ± 0.03 kcal/mol, respectively, giving ΔU β→βp bonded = 1.45 ± 0.04 kcal/mol. A small unfavorable change in electrostatic energy is also observed. The fact that the change in internal energy is more favorable than the change in free energy (ΔU β→βp < ΔG β→βp ) suggests that the β-planar conformation is less favorable in terms of entropy, TΔS β→βp ≈ 0.3 kcal/mol, which may relate to the more ordered solvent configuration for this conformation (see Figure 2B ,C). Note that the difference in the mean volume of the simulation system between the two conformational states is −6.1 ± 0. 5 Å 3 , which corresponds to a pressure−volume work of ∼10 −4 kcal/mol, implying that enthalpy and internal energy are essentially equivalent for this transition, a typical situation for small molecules in water. 108, 109 As further evidence that the strong physisorption between the peptide backbone and graphene can be attributed to amide−π interactions, we compare free-energy calculations for the graphene adsorption of a molecule representing the peptide backbone (N-methylacetamide) and its ester analogue (methyl acetate). The results are shown in Figure S7 in the Supporting Information. Although both molecules have similar planar geometries and adopt stacked conformations on the graphene surface, the adsorption free energy of the amide is more favorable than the ester by −0.66 ± 0.11 and −1.3 ± 0.2 kcal/ mol, for adsorption from aqueous solution and from the gas phase, respectively. These results suggest that the high affinity of the amide for graphene observed in the simulations is not merely a geometric effect but is due to the chemical nature of the amide group as captured by the force field. Notably, in the CHARMM force field, the van der Waals interaction of an aromatic carbon with the amide N in N-methylacetamide is significantly stronger that of the ester −O− at the analogous position in methyl acetate.
The Role of Water. The simulations suggest that the graphene surface is coordinated by water molecules, with a density reaching nearly 3 times that of bulk water at a distance Figure S8 of the Supporting Information). In aqueous solution, Ac-Ala-NHMe is also coordinated by water molecules, which form hydrogen bonds with the amide N and O atoms. Although adsorption to the graphene surface considerably reduces the solvent-accessible surface area of AcAla-NHMe, the number of hydrogen bonds to water does not change much, from 4.1 ± 1.9 (mean ± SD) in bulk water to 3.9 ± 1.6 on the graphene surface, owing to the enhancement of the water density at the graphene−water interface. The average number of hydrogen bonds as a function of distance from the surface is shown in Figure S9 of the Supporting Information. The presence of Ac-Ala-NHMe at the interface leads to welldefined solvent structure, particularly in the case of the β-planar conformation ( Figure 2B,C) . The greater localization of water for the β-planar conformation could be responsible for this conformation's greater entropy as compared to the β conformation. Although the number of solvent hydrogen bonds for Ac-Ala-NHMe on graphene is slightly less than that for Ac-Ala-NHMe in bulk water, the positions of these water molecules are much better defined on graphene than in the bulk (Figure 2D,E) . Figure 2D shows five well-defined locations for hydrogen-bonded water molecules.
Orientation of Ac-Ala-NHMe on Graphene. The reader may have noticed that the CH 3 side chain of Ac-Ala-NHMe is oriented away from the surface in all of the images of adsorbed Ac-Ala-NHMe that we have shown so far (Figures 1 and 2) . As demonstrated in Figure S10 of the Supporting Information, this orientation is indeed highly favored for distances between AcAla-NHMe and the graphene layer Z < 4 Å. The favorability of this orientation can be easily understood because it permits the amide groups to make close contact with the surface without steric interference from the side chain. However, side chains with higher affinities for graphene 48 (Arg, Tyr, Phe) may favor a different orientation. Interestingly, at distances of 5.0 Å < Z < 5.7 Å, the CH 3 side chain tends to be oriented toward the graphene ( Figure S10 of the Supporting Information). For Z > 7.5 Å, the orientation of Ac-Ala-NHMe becomes isotropic.
Three-Dimensional Free-Energy Landscape. The PMF shown in Figure 1F represents a thermodynamic average over a range of distances between the Ac-Ala-NHMe molecule and the graphene layer, dominated by the most favorable distances, Z ∈ [3.8, 4.1] Å (see Figure S11 of the Supporting Information). To better understand the influence of graphene on the Ac-AlaNHMe structure, we calculated a three-dimensional potential of mean force (3D PMF), including Z, the distance between the first graphene layer and the center of mass of Ac-Ala-NHMe as a third transition coordinate, in addition to (ϕ, ψ). Figure 3A is a volumetric plot of this potential of mean force, showing that the lowest free energy regions appear near the graphene surface and are associated with the β-planar, β, α-planar, α, and α L conformations. The cross section through the 3D PMF at Z = 3.85 Å, shown in Figure 3B , passes through the global minimum of the 3D PMF, exhibiting a free energy landscape dominated by the β-planar conformation. The α-planar and β conformations also appear. As might be expected, the cross sections appear more like the Ramachandran PMF in aqueous solution as the distance between the graphene layer and Ac-AlaNHMe is increased. The cross section at a distance of Z = 10.1 Å ( Figure 3D ) is effectively identical to that in aqueous solution ( Figure 1C) . Figure 3E quantifies the approach to aqueous phase conformational preferences as the distance between Ac-Ala- The Journal of Physical Chemistry B Article NHMe and surface increases. While the Ramachandran freeenergy landscape of Ac-Ala-NHMe near the graphene−water interface is considerably different from that in the bulk ( Figure  3B ), it converges to that in bulk water by Z ≈ 6 Å. The fact that the backbone orients away from the surface for Z ≈ 5 Å (demonstrated in Figure S10 of the Supporting Information) may contribute to the rapid loss of the surface's influence on the backbone conformation with increasing Z. Figure 3F shows the 1D PMF along Z, as computed by numerically integrating the 3D PMF (see Methods). To obtain sufficient sampling, the grid used for the 3D PMF must be rather coarse; thus, we computed a similar PMF along Z in a 1D ABF calculation at higher resolution, also shown in Figure 3F , which is statistically consistent with that from the 3D PMF. In both cases, the minimum free energies appear near a distance of 3.8 Å between the center of mass of Ac-Ala-NHMe and the graphene layer, corresponding to estimates of the adsorption free energy of −4.6 ± 0.3 and −5.01 ± 0.13 kcal/mol, for 1D and integrated-3D calculations, respectively. Interestingly, the influence of graphene on the backbone conformation of Ac-Ala-NHMe appears quite short-ranged ( Figure 3E ), involving direct contact, while the force between the surface and the center of mass of Ac-Ala-NHMe is longer-ranged and remains significant up to at least Z ≈ 8 Å (Figure 3F ), owing to solvent mediated effects. Figure 3G plots the depth of the free-energy minima associated with β, β-planar, α, and α-planar conformations in (ϕ, ψ) cross sections of the 3D PMF. The relative free energies of the conformations vary considerably as a function of Z. For very short distances Z < 3.6 Å, the α-planar conformation has the lowest free energy, while the nonplanar α and β conformations are highly disfavored owing to steric clashes with surface atoms. On the interval 3.6 Å < Z < 4.1 Å, the β-planar conformation becomes the most favored, coinciding with the minimum free energy of the entire 3D PMF, while the β conformation becomes the second most likely. The planar conformations rapidly become unfavorable as the distance increases, while the α and β conformations have similar free energies on the interval 4.1 Å < Z < 4.7 Å. Beyond Z ≈ 4.7 Å, the relative free energies of the conformations become similar to that in bulk water, with the β and α conformations being the most favored and the α-planar minimum becoming indistinct.
Ramachandran Landscape on Hydroxylated Graphene. Oxygen containing defects, including hydroxy groups, are common in graphene produced by thermal reduction of graphene oxide. 110−112 In previous work, we validated simple models of hydroxylated carbon nanotubes against experimentally derived adsorption free energies, 30 motivating further exploration of hydroxylated graphenic surfaces. The case of hydroxylated graphenic surfaces is more complex due to the lack of information on the spatial arrangement of OH groups on the nanotube surface. Here we have used two models of hydroxylated carbon nanotubes previously published by Comer et al. 30 The first model, referred to here as graph−OH(1) and having the OH arrangement shown in Figure 4B , has a relatively low surface density of OH groups, 1.2 nm −1 . As might be expected, this surface has a Ramachandran free energy landscape ( Figure 4A ) with many similarities to that on naked graphene. The β-planar conformation, which is the most favorable on naked graphene, is even more dominant on graph−OH(1), as detailed in Table 1 . The second most favorable conformation on naked graphene, the α-planar conformation, is edged out by the β conformation on graph− OH (1) .
Model graph−OH(2), shown in Figure 4D , has double the OH density of the first, 2.4 nm
. The Ramachandran freeenergy landscape ( Figure 4D ) appears less like that on naked graphene and more similar to that in bulk water. As can be seen in Table 1 , the β conformation becomes dominant, while the β- The Journal of Physical Chemistry B Article planar conformation is significantly weakened compared to naked graphene and only slightly more favorable on the graph− OH(2) surface than in bulk water. One notable difference between the free-energy landscape on graph−OH (2) and that in bulk water is that the α-planar conformation is distinct and more favorable than the β-planar conformation, which appears to be due to a fortuitous fit of the α-planar structure within the OH arrangement, permitting hydrogen bonds between the OH groups and the carbonyl oxygen atoms of Ac-Ala-NHMe ( Figure 4C, lower simulation snapshot) .
Amide−π Interaction on Hydroxylated Surfaces. Figure 5 details the effect of interactions of Ac-Ala-NHMe with the OH groups of the graph−OH(1) surface, using the results of simulations in which Ac-Ala-NHMe was maintained near the β and β-planar free-energy wells (see Methods). As for naked graphene, the β-planar conformation is associated with both amides making contact with the graphene surface, while the β conformation favors contact between the N-terminal amide and the surface, with the C-terminal amide extending away from the surface ( Figure 5A ). On the other hand, the distribution of the position of this C-terminal amide is markedly different than that for naked graphene. On the graph−OH(1) surface, the most likely configuration of Ac-AlaNHMe in the β conformation corresponds to hydrogen bonding between the C-terminal NH group and surface bound OH groups, which is clearly visible in Figure 5C . The histogram peak associated with this configuration, at Z = 5.1 Å, appears slightly nearer to the surface than the second peak observed for naked graphene (Figure 2A ), because the covalently attached OH groups lie closer to the plane of the graphene than the interfacial water responsible for the second peak on naked graphene. The peak at Z = 4.2 Å, corresponding to direct interaction between the C-terminal NH group and graphene, which is the most prominent β configuration on naked graphene (Figure 2A) , is significantly less pronounced in Figure 5A .
The red wireframes in Figure 5B represent positions relative to Ac-Ala-NHMe of high average surface OH density, and demonstrate that there is a high propensity for hydrogen bonding between surface OH groups and the amides of Ac-AlaNHMe in the β-planar conformation. While the snapshot in Figure 5B shows a hydrogen bond with the C-terminal NH group, the average densities indicate that configurations with a hydrogen bond between a surface-bound OH group and one of the other three hydrogen bonding groups of Ac-Ala-NHMe are also likely.
Influence of Hydroxy Groups. To elucidate the effect of surface-bound OH groups on Ac-Ala-NHMe conformational preferences, we performed three-dimensional ABF calculations using three transition coordinates: ϕ, ψ, and d, the distance in the xy plane between the center of mass of Ac-Ala-NHMe and the center of mass of a single hydroxy group or a pair of hydroxy groups, illustrated in Figure 6A . Figure 6B ,C plots the depth of the free-energy minima associated with β, β-planar, α, α-planar, and α L conformations in (ϕ, ψ) cross sections of the w(ϕ, ψ, d) PMF. At large lateral distances from the OH groups, the relation between the free energies of the different conformations is similar to that on naked graphene (compare Table 1 ). Near the hydroxy groups, the overall affinity of AcAla-NHMe for the surface is reduced and all free energies rise, owing to reduced contact between Ac-Ala-NHMe and the sp 2 carbon surface. However, the free energies do not all rise in equal amounts. The free energy of the β conformation is the least affected by the proximity of the OH. On the other hand, the β-planar conformation, which is the most favorable on naked graphene, becomes less favorable than the β conformation for distances of d < 3.2 Å from the single OH group and d < 4.4 Å from the pair of OH groups.
■ CONCLUSIONS
In the present work, we have used molecular dynamics simulations and efficient free-energy calculation techniques to reveal, at the atomic scale, details of the interaction between graphenic surfaces and Ac-Ala-NHMe, a simple model of protein backbone structure. We find that the conformation of Ac-Ala-NHMe on these surfaces is predominantly defined by amide−π stacking interactions. Correspondingly, the most favorable conformations on the surface are mechanically strained planar conformations characterized by amide−π stacking of both amide groups of Ac-Ala-NHMe. The preferred conformations of Ac-Ala-NHMe in water, corresponding to backbone structures similar to those in β-sheets and α-helices, become metastable on the graphene surface, where they are associated with amide−π stacking involving one of the two amides, preferably the N-terminal one. Hydrogen bonds to interfacial water molecules or, on hydroxylated graphene, to covalently bound OH groups play significant roles in stabilizing nonplanar conformations, in addition to amide−π NH face-on interactions. Our free-energy calculations also indicate that the influence of the graphenic surface on the conformation of AcAla-NHMe is particularly short-ranged and appears to require direct contact, while the forces driving adsorption extend farther from the surface (at least to 8 Å).
Ac-Ala-NHMe is a very basic model, missing many features important for peptide and protein structure, such as the behavior of different side chains or the effects of intramolecular hydrogen bonds, and further studies will be required to understand how these features might alter backbone interaction with graphenic surfaces. However, to our knowledge, the Notes
